The S-layer of Bacillus stearothermophilus PV72/p2 shows oblique lattice symmetry and is composed of identical protein subunits with a molecular weight of 97,000. The isolated S-layer subunits could bind and recrystallize into the oblique lattice on native peptidoglycan-containing sacculi which consist of peptidoglycan of the A1␥ chemotype and a secondary cell wall polymer with an estimated molecular weight of 24,000. The secondary cell wall polymer could be completely extracted from peptidoglycan-containing sacculi with 48% HF, indicating the presence of phosphodiester linkages between the polymer chains and the peptidoglycan backbone. The cell wall polymer was composed mainly of GlcNAc and ManNAc in a molar ratio of 4:1, constituted about 20% of the peptidoglycan-containing sacculus dry weight, and was also detected in the fraction of the S-layer self-assembly products. Extraction experiments and recrystallization of the whole S-layer protein and proteolytic cleavage fragments confirmed that the secondary cell wall polymer is responsible for anchoring the S-layer subunits by the N-terminal part to the peptidoglycan-containing sacculi. In addition to this binding function, the cell wall polymer was found to influence the in vitro self-assembly of the guanidinium hydrochloride-extracted S-layer protein. Chemical modification studies further showed that the secondary cell wall polymer does not contribute significant free amino or carboxylate groups to the peptidoglycan-containing sacculi.
Bacillus stearothermophilus PV72 is a strictly aerobic thermophilic endospore-forming organism. The S-layer protein SbsA of the wild-type strain shows a molecular weight of 130,000 and assembles into a hexagonally ordered lattice type (12, 19, 25, 28, 29, 32) . Stable synthesis of the S-layer protein from the wild-type strain during continuous cultivation on complex medium could be achieved only when the organism was grown under oxygen and glucose double limitation (25) . On synthetic PVIII medium the dissolved oxygen (DO) concentration had to be maintained at 20 to 30% to ensure stable production of the SbsA. At a higher concentration of DO, S-layer protein synthesis of the wild-type strain was synchronously stopped in the whole culture and completely replaced by synthesis of an S-layer protein with a molecular weight of 97,000 which assembled into an oblique lattice type (28) . The sbsB gene encoding the S-layer protein of the variant (designated PV72/p2) was recently cloned and sequenced (10) . Although increased levels of oxygen are responsible for S-layer variation in B. stearothermophilus PV72, the exact mechanism leading to change in S-layer protein expression is still under investigation (27) . In contrast to the SbsA, the S-layer protein of the variant showed a typical S-layer homologous (SLH) domain in the N-terminal part (10) (11) (12) . The two S-layer genes have only a low overall similarity (10) .
In general, SLH domains have been identified in the Nterminal part in S-layer proteins from various organisms such as B. sphaericus, B. anthracis, Thermoanaerobacter kivui, and Thermus thermophilus, the middle wall protein of B. brevis 47, and the Omp␣ of Thermotoga maritima (6, 15, 20) . With the exception of the Omp␣, all S-layer proteins are in direct contact with the peptidoglycan, suggesting that SLH domains could generally be involved in anchoring the S-layer proteins to this cell surface component (15) . In addition to S-layer proteins, SLH domains were also identified at the C-terminal end in cell-associated exoenzymes and exoproteins such as the pullulanase, xylanase, and polygalacturonate hydrolase of Thermoanaerobacterium thermosulfurigenes EM1 (17, 18) as well as in the OlpA and OlpB of the cellulosome complex of Clostridium thermocellum (13) .
Chemical analyses of peptidoglycan-containing sacculi from B. stearothermophilus PV72/p6 and PV72/p2 strongly indicated that a secondary cell wall polymer of different composition is incorporated into the peptidoglycan of each organism (25, 29) . Although the peptidoglycans of the wild-type strain and the PV72/p2 were of the same chemotype and revealed comparable extents of cross-linking, the SbsB recognized only peptidoglycan-containing sacculi from the variant but not those from the wild-type strain. These results led to the conclusion that not the peptidoglycan but the secondary cell wall polymer is responsible for binding of the S-layer subunits to the rigid cell wall layer (25) .
In the present study we provide evidence that a secondary cell wall polymer composed mainly of GlcNAc and ManNAc anchors the S-layer protein from the PV72/p2 by its N-terminal part to the peptidoglycan-containing layer.
MATERIALS AND METHODS
Organism, growth conditions, and preparation of cell wall fragments. B. stearothermophilus PV72/p2 was grown in continuous culture on complex SVIII medium at 57°C (25) at a dilution rate of 0.12/h in a 10-liter Biostat E bioreactor (Braun, Melsungen, Germany). The glucose concentration was 3.0 g/liter of SVIII medium. The pH of the culture was kept constant at 7.2 by adding either 1 N sodium hydroxide or 2 M sulfuric acid. The rate of aeration was adjusted to 4.0 liters of air/min, which corresponded to oxygen-limited growth (DO, 0%). Cells were separated from spent medium by continuous centrifugation (Sepatech 17 RS; Heraeus, Hanau, Germany) at 16,000 ϫ g at 4°C. The biomass was stored at Ϫ20°C. Preparation of cell wall fragments was carried out according to the procedure described in reference 31 except that cells were broken by ultrasonication. After extraction of plasma membrane remnants with Triton X-100 (0.5% in 50 mM Tris-HCl buffer, pH 7.2) for 10 min at 20°C, cell wall fragments were washed at least four times with 50 mM Tris-HCl buffer (pH 7.2) and once with distilled water. Cell wall fragments were stored at Ϫ20°C until use. The S-layer protein contents of lyophilized cell wall fragments were determined according to the method in reference 14 using purified S-layer protein for the standard curve.
Production of S-layer self-assembly products and purification of peptidoglycan-containing sacculi. Wet pellets of cell wall fragments were suspended in a 10-fold volume of a guanidinium hydrochloride (GHCl) solution (5 M GHCl in 50 mM Tris-HCl buffer, pH 7.2) and stirred for 20 min at 20°C. After centrifugation at 40,000 ϫ g for 20 min at 10°C, the supernatant containing the extracted S-layer protein was carefully removed, centrifuged twice at 40,000 ϫ g, and finally dialyzed against distilled water at 4°C overnight. S-layer self-assembly products were sedimented by centrifugation at 20,000 ϫ g for 20 min at 4°C, washed at least three times with distilled water, frozen at Ϫ20°C, and lyophilized.
Peptidoglycan-containing sacculi obtained after extraction of the S-layer protein were washed once with 5 M GHCl and twice with 50 mM Tris-HCl buffer (pH 7.2). For further purification, 100-mg wet pellets of peptidoglycan-containing sacculi were suspended in 5 ml of a sodium dodecyl sulfate (SDS) solution (1% in distilled water) and incubated for 30 min at 100°C. After cooling down to 20°C, the suspension was centrifuged at 40,000 ϫ g for 30 min at 20°C. The pellets were washed at least five times with distilled water, frozen at Ϫ20°C, and lyophilized. The purity of the S-layer protein and peptidoglycan-containing sacculi was checked by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), negative staining, and ultrathin sectioning. Electron microscopy was performed as described in a previous paper (19) .
Extraction of the secondary cell wall polymer from native peptidoglycancontaining sacculi. Peptidoglycan-containing sacculi treated with SDS are referred to below as native peptidoglycan-containing sacculi. For extraction of the secondary cell wall polymer, 10 mg of lyophilized native peptidoglycan-containing sacculi was suspended in 1 ml of formamide and incubated for 1 h at 100 or 150°C. As an alternative, the peptidoglycan-containing sacculi were extracted with 25 mM glycine-HCl buffer (pH 2.5) for 30 min at 100°C or with 0.1 M HCl for 30 min at 60°C. For cleaving possible phosphodiester linkages between the cell wall polymer and the peptidoglycan, peptidoglycan-containing sacculi were incubated with 40 or 48% hydrofluoric acid (HF) at 0 or 4°C (9) for 7 to 96 h (see Table 2 ). After centrifugation at 40,000 ϫ g for 20 min at 4°C, the pellets were washed once with the respective extracting agent and three times with distilled water. The pellets were suspended in 1 ml of distilled water, frozen at Ϫ20°C, lyophilized, and used for chemical analyses and S-layer recrystallization experiments. The supernatant fluids obtained by extraction of the peptidoglycan-containing sacculi with 48% HF were used for isolation of the secondary cell wall polymer.
HF extraction of S-layer self-assembly products. For extraction of the secondary cell wall polymer associated with the S-layer self-assembly products, 10-mg portions of lyophilized samples were suspended in 1 ml of 40% HF and incubated for 18 h at 4°C. After the HF-extracted cell wall polymer was removed from the S-layer self-assembly products by centrifugation at 40,000 ϫ g for 20 min at 4°C, the pellet was washed at least three times with distilled water. The HF-extracted S-layer self-assembly products were analyzed by SDS-PAGE, used for chemical analysis, and recrystallization experiments.
Recrystallization experiments. Native peptidoglycan-containing sacculi and those extracted under conditions listed in Table 2 were used for S-layer recrystallization experiments. For this purpose, 2.5 mg of lyophilized peptidoglycancontaining sacculi and 2.5 mg of lyophilized S-layer self-assembly products were suspended in 5 ml of 5 M GHCl in 50 mM Tris-HCl buffer (pH 7.2), stirred for 2 h at 20°C, and dialyzed against distilled water overnight at 4°C (30, 31) . Subsequently, the samples were investigated by negative staining and ultrathin sectioning (19) .
Isolation of the HF-extracted secondary cell wall polymer. After the cell wall polymer was extracted with 48% HF from native peptidoglycan-containing sacculi or with 40% HF from S-layer self-assembly products, the suspensions were centrifuged at 40,000 ϫ g for 20 min at 4°C. The clear supernatants were carefully removed from the pellets and were used for precipitation of the secondary cell wall polymer. This was done by addition of 5 volumes of chilled ethanol (Ϫ20°C) absolute (5) . After incubation for 18 h at Ϫ20°C, the precipitate was sedimented at 20,000 ϫ g for 15 min at Ϫ10°C. The pellet was washed twice with chilled ethanol and was finally dissolved in distilled water. The clear solution was dialyzed (Biomol, membrane type 8; molecular weight cutoff, 12,000 to 16,000) against distilled water for 24 h at 4°C, frozen at Ϫ20°C, and lyophilized. For determining the molecular weight and investigating the homogeneity of the secondary cell wall polymer, gel permeation chromatography was performed. For this purpose, 10 mg of the cell wall polymer was dissolved in 1 ml of 150 mM NaCl and applied to a Sephadex G-150 column with a total volume of 181 ml.
Calibration of the column was done with a Pharmacia LMW gel filtration calibration kit (Pharmacia, Uppsala, Sweden). Chemical analyses of the secondary cell wall polymer were performed before and after purification by gel permeation chromatography.
Chemical analyses. Cell wall fragments, S-layer self-assembly products, and peptidoglycan-containing sacculi were used for amino acid, amino sugar, and neutral sugar analyses. For amino acid and amino sugar analyses, the samples were hydrolyzed with 6 N HCl for 6 h at 110°C. After modification with sodium borohydride and o-phthalaldehyde (1), amino acids and amino sugars were analyzed by high-pressure liquid chromatography. Neutral sugars were liberated by hydrolysis of lyophilized samples with 2.2 M trifluoroacetic acid for 4 h at 110°C. After drying with nitrogen, the samples were dissolved in distilled water and applied to a DIONEX DX-300 gradient chromatography system. The detailed procedure for neutral sugar analysis is given in references 24 and 29.
Chemical modification of native and HF-extracted peptidoglycan-containing sacculi. The numbers of free carboxylate groups in native and HF-extracted peptidoglycan-containing sacculi were determined according to the procedure of Weigert and Sára (34) . After activation of free carboxylate groups with 1-ethyl-3,3(dimethylaminopropyl)carbodiimide and covalent binding of glycine methyl ester, the glycine contents of modified samples were determined by amino acid analysis. Free amino groups were modified by binding preactivated leucine (butyloxycarbonyl-L-leucine-N-hydroxysuccinimideester) under conditions specified in reference 34. The leucine content was determined by amino acid analysis.
Studies on the importance of the secondary cell wall polymer for the in vitro self-assembly process. The amounts of secondary cell wall polymer associated with S-layer self-assembly products formed at different periods during dialysis of the GHCl-extracted S-layer protein were investigated. For this purpose, samples were taken at defined intervals and centrifuged at 20,000 ϫ g for 5 min at 4°C, and the percent assembled S-layer protein (degree of assembly [DA]) as well as the total sugar contents in both fractions were determined according to the methods described in references 32 and 33. When the DA was 20%, the clear supernatant containing nonassembled (monomeric or oligomeric) S-layer protein was used for recrystallization experiments. For this purpose, electron microscope (EM) grids precoated with poly-L-lysine (0.1% in distilled water) were placed on a drop of the S-layer protein solution and incubated under conditions specified in a previous paper (22) . The S-layer protein solution was also injected into the subphase of a Langmuir-Blodgett trough on which a monolayer of dipalmitoylphosphatidylethanolamine (DPPE) was established. The experiments with the Langmuir-Blodgett trough were carried out as described in a previous paper (23) . The ability of the S-layer monomers to recrystallize into a monolayer was checked by negative staining.
Investigation of the affinity between proteolytic cleavage fragments of the S-layer protein and native peptidoglycan-containing sacculi. Proteolytic cleavage of the S-layer protein with endoproteinase Glu-C (Staphylococcus aureus V8 protease) was done in SDS buffer (0.1% SDS in 50 mM Tris-HCl buffer, pH 7.8) for 4 h at 37°C (24) . Lyophilized native peptidoglycan-containing sacculi (1 mg) were added to the solution of the proteolytically degraded S-layer protein, and the suspension was incubated for 1 h at 20°C. Subsequently, the suspension was centrifuged at 40,000 ϫ g for 20 min at 20°C, and both the clear supernatant and the pellet were subjected to SDS-PAGE using a 10 or 6% separation gel (19) . After SDS-PAGE, the protein bands were blotted to a polyvinylidene difluoride membrane (Immobilon PSQ; Millipore) and subjected to N-terminal sequencing as described in previous papers (3, 4) .
RESULTS
Chemical analyses of native and extracted peptidoglycancontaining sacculi. The results of the amino acid and amino sugar analyses of native peptidoglycan-containing sacculi from B. stearothermophilus PV72/p2 are given in Table 1 . With exception of GlcNAc, the molar ratios of all other peptidoglycan constitutents (Glu, Ala, diaminopimelic acid [DAP] , and Nacetylmuramic acid [MurNAc]) corresponded to the directly cross-linked A1␥ chemotype typical of B. stearothermophilus strains (26) . In comparison to MurNAc, the GlcNAc content was twice as much as the theoretical value (molar ratio of GlcNAc to MurNAc, 2.05:1). Since the molar ratio of GlcNAc to MurNAc is 1 in different peptidoglycan chemotypes (26) , the surplus of GlcNAc indicated the presence of a secondary cell wall polymer. In addition to GlcNAc, ManNAc was identified as the second amino sugar. The molar ratio of GlcNAc to ManNAc attributed to the secondary cell wall polymer was 3.5 to 1.
In Table 2 , the results from chemical analyses and recrystallization experiments using native and differently extracted peptidoglycan-containing sacculi are summarized. For calculation of GlcNAc belonging to the secondary cell wall polymer (excess GlcNAc), the MurNAc content of each sample was subtracted from the total GlcNAc content. For calculating the percent extracted ManNAc and GlcNAc for each sample in Table 2 , the amounts determined for native peptidoglycancontaining sacculi were assigned a value of 100%.
As shown in Table 2 , about 20 to 50% of the secondary cell wall polymer could be extracted by treating native peptidoglycan-containing sacculi with formamide at 100°C for 1 h, 0.1 M HCl at 60°C for 30 min, 40% HF at 0 or 4°C, and 48% HF for 7 h at 4°C. A higher portion of the secondary cell wall polymer (up to 100% of excess GlcNAc and up to 80% of ManNAc) was removed by incubating native peptidoglycan-containing sacculi with formamide at 150°C for 1 h, 25 mM glycine-HCl buffer (pH 2.5) at 100°C for 30 min, or 48% HF for 18, 25, and 48 h at 4°C (Table 2 ). Complete extraction of the secondary cell wall polymer was achieved when the incubation time with 48% HF was extended to 96 h.
In comparison to native peptidoglycan-containing sacculi the molar ratios between MurNAc, DAP, Ala, and Glu were not significantly changed in the extracted samples, indicating that neither chemical hydrolysis nor enzymatic degradation of the peptidoglycan had occurred (Table 2 ). This was also confirmed by negative staining and ultrathin sectioning in which extracted peptidoglycan-containing sacculi revealed a shape typical of native samples (not shown).
Negative staining and ultrathin sectioning confirmed that the GHCl-extracted S-layer protein was able to recrystallize on native peptidoglycan-containing sacculi into the oblique Slayer lattice typically formed by the SbsB (not shown). Complete recrystallization of the S-layer protein was also observed when at least 50% of the secondary cell wall polymer remained in the extracted peptidoglycan-containing sacculi ( Fig. 1a; formamide at 100°C, 0.1 M HCl at 60°C, 40% HF, and 48% HF for 7 h). In ultrathin-sectioned preparations, a three-layered cell envelope profile was detected, confirming that after recrystallization of the S-layer protein, complete outer and inner S-layers were formed (Fig. 1a) . On peptidoglycan-containing sacculi extracted with formamide at 150°C, 25 mM glycine-HCl buffer (pH 2.5), and 48% HF for 25, 48, and 96 h, the S-layer protein was not able to bind and recrystallize (not shown). According to chemical analyses, these samples represented almost pure peptidoglycan (Table 2) . Small patches of an outer and an inner S-layer could be detected on peptidoglycan-containing sacculi treated with 48% HF for 18 h (Fig. 1b) . Under these conditions, approximately 70% of the secondary cell wall polymer had been extracted ( Table 2) .
Analyses of native and HF-extracted S-layer self-assembly products. Results from amino acid and amino sugar analyses of the GHCl-extracted, dialyzed, and recrystallized S-layer pro- tein before and after extraction with 40% HF are summarized in Table 3 . Before treatment with 40% HF, both GlcNAc and ManNAc could be detected in S-layer self-assembly products. The molar ratio of GlcNAc to ManNAc was 4.1:1 and therefore in good accordance with the results obtained for the secondary cell wall polymer in native peptidoglycan-containing sacculi. Even after extraction of the secondary cell wall polymer with 40% HF, the S-layer protein migrated as a single band on SDS gels (not shown). The apparent molecular weight of the HF-extracted S-layer protein was identical to that of native S-layer subunits, which confirmed that the S-layer protein was not degraded during the extraction procedure. After disintegration of HF-extracted S-layer self-assembly products with 5 M GHCl, the S-layer subunits still recognized the native peptidoglycan-containing sacculi as binding site but had lost the ability to recrystallize into the oblique lattice. In negatively stained preparations, only a granular structure was visible (not shown).
Characterization of the HF-extracted cell wall polymer. Amino acid and amino sugar analyses of the cell wall polymer extracted from native peptidoglycan-containing sacculi with 48% HF for 7 to 96 h at 4°C revealed that the molar ratio of GlcNAc to ManNAc was about 4:1 ( Table 4 ). The glucose content was Ͻ1%. Since only negligible amounts of Glu, Ala, and DAP were detected in the HF-extracted cell wall polymer, it was confirmed that it is composed mainly of GlcNAc and ManNAc and that the peptidoglycan was not degraded during the extraction procedure. The cell wall polymer isolated from S-layer self-assembly products revealed a similar molar ratio of GlcNAc to ManNAc (4.1:1). As determined by gel permeation chromatography, the cell wall polymer extracted from both materials was eluted as a single peak with an estimated molecular weight of 24,000. The cell wall polymer represented approximately 20% of the peptidoglycan-containing-sacculus dry weight and about 3% from the S-layer self-assembly products. The glucose content of the cell wall polymer purified by gel permeation chromatography was 0.4%, and the molar ratio of GlcNAc to ManNAc was 4:1.
Chemical modification of native and HF-extracted peptidoglycan-containing sacculi. Amino acid analysis of 1-ethyl-3,3 (dimethylaminopropyl)carbodiimide-activated, glycine methyl ester-modified native, and HF-extracted peptidoglycan-containing sacculi revealed that the molar ratio of DAP to Gly was 1:2. Thus, in both types of samples two carboxylate groups were available per DAP residue. Neither native nor HF-extracted peptidoglycan-containing sacculi were capable of binding preactivated Leu, which indicated the absence of accessible free amino groups. Since native and HF-extracted samples gave identical results, the secondary cell wall polymer does not contribute significant free amino and carboxylate groups to the peptidoglycan-containing sacculi.
Self-assembly and recrystallization experiments. In Fig. 2 , the correlation between the DA and the sugar content of S-layer self-assembly products formed during dialysis of the GHCl-extracted S-layer protein is shown. In general, the sugar content of S-layer self-assembly products decreased with increasing DA. For example, a total sugar content of 17.5% was determined for S-layer self-assembly products sedimented at the beginning of the dialysis procedure at a DA of 7%, while the sugar content of S-layer self-assembly products analyzed at the end of the dialysis procedure at a DA of 86% had de- creased to 3%. This value corresponded exactly to the amount of secondary cell wall polymer associated with S-layer selfassembly products used for chemical analysis and HF extraction experiments.
S-layer self-assembly products sedimented at a DA of 20% had a total sugar content of 10% (Fig. 2) . At the same time, the sugar content of the nonassembled monomeric or oligomeric S-layer protein present in the clear supernatant was in the range of 1%. This nonassembled S-layer protein could perfectly recrystallize into closed monolayers on poly-L-lysinecoated EM grids or on a DPPE monolayer generated by the Langmuir-Blodgett technique (Fig. 3) . As derived from the orientation of the base vectors of the oblique S-layer lattice in negatively stained preparations, the subunits had bound with their outer face to the poly-L-lysine-coated EM grids and with their inner face to the DPPE monolayer (Fig. 3) .
Proteolytic degradation of the S-layer protein with endoproteinase Glu-C. After proteolytic degradation of the S-layer protein with endoproteinase Glu-C, two protein bands with apparent molecular weights of 66,000 and 85,000 and a more diffuse protein band with an apparent molecular weight of Յ97,000 were observed on SDS gels (Fig. 4, lane a) . The presence of a protein band with an apparent molecular weight of 97,000 indicated that not the whole amount of S-layer protein was degraded by the protease.
For investigating the affinity between the different S-layer protein cleavage fragments and native peptidoglycan-containing sacculi, the latter were suspended in a solution of the proteolytically degraded S-layer protein. After incubation and sedimentation, the pellet consisting of peptidoglycan-containing sacculi with the bound S-layer protein cleavage fragments and the clear supernatant were investigated by SDS-PAGE. As shown in Fig. 4 , lane b, only protein bands with apparent molecular weights of Յ97,000 and 85,000 showed affinity for binding to native peptidoglycan-containing sacculi. N-terminal sequencing revealed that these protein bands had an N-terminal region identical to that of the whole S-layer protein (A-S-F-T-D-V-A-P-Q-Y-K-D). In contrast to the results with the higher-molecular-weight protein bands, the S-layer protein cleavage fragment with an apparent molecular weight of 66,000 was detected only in the clear supernatant (Fig. 4, lane c) . The N-terminal sequence of this cleavage fragment showing no binding to native peptidoglycan-containing sacculi was L-T-S-S-N-T-N-I-V-V. This sequence began at a Leu (L) in position 300 of the mature S-layer protein (10) . Thus, proteolysis of the S-layer protein with endoproteinase Glu-C had occurred between Glu (E) in position 299 and Leu in position 300.
DISCUSSION
The first indication that secondary cell wall polymers could be responsible for binding of S-layer proteins to the peptidoglycan-containing layer was reported by Hastie and Brinton (7) for B. sphaericus. Later, a similar observation was made for Lactobacillus buchneri (16) : extraction, chemical modification, and recrystallization experiments confirmed that a neutral sugar polymer, and not the peptidoglycan or the teichoic acids, functions as a binding site for the S-layer protein (16) . More recently it was shown that a secondary cell wall polymer composed of GlcNAc and Glc anchors the S-layer protein from B. stearothermophilus PV72/p6 to the rigid cell wall layer (25) .
In the present study we could demonstrate that a secondary cell wall polymer composed of GlcNAc and ManNAc in a molar ratio of 4:1 is responsible for binding of the S-layer protein from B. stearothermophilus PV72/p2 to the peptidoglycan-containing layer. Preliminary NMR studies showed that both amino sugars are acetylated (9a). The estimated molecular weight of the cell wall polymer was 24,000, indicating that a single polymer chain consisted of approximately 120 monosaccharide residues. Incubation of proteolytic cleavage fragments of the S-layer protein with native peptidoglycancontaining sacculi further revealed that the N-terminal part possessing a typical SLH domain (10) had affinity to the secondary cell wall polymer. A C-terminal cleavage fragment carrying two-thirds of the amino acids of the whole S-layer protein did not recognize the native peptidoglycan-containing sacculi. On the other hand, the whole S-layer protein could not bind to HF-extracted peptidoglycan-containing sacculi which according to chemical analyses represented pure peptidoglycan.
The high affinity between the secondary cell wall polymer and the S-layer protein from B. stearothermophilus PV72/p2 was also demonstrated by the presence of the cell wall polymer in the fraction of the S-layer self-assembly products. In the course of cell growth and cell wall autolysis, both peptidoglycan strands and cell wall polymer chains are released from the rigid cell wall layer, but only the secondary cell wall polymer remained attached to the S-layer protein. The cell wall polymer associated with the S-layer protein had a molecular weight and composition identical to those of the polymer detected in native peptidoglycan-containing sacculi and was extracted from cell wall fragments together with the S-layer protein with 5 M GHCl. During dialysis and refolding of the GHCl-extracted S-layer protein, the cell wall polymer could reassociate with the respective N-terminal S-layer protein domains and was accumulated in the fraction of the S-layer self-assembly products. Moreover, the cell wall polymer could not be removed by washing the self-assembly products with various buffers or salt solutions (data not shown).
Studies on the kinetics of the in vitro self-assembly of the GHCl-extracted S-layer protein revealed that S-layer self-assembly products formed at the beginning of the dialysis procedure had the highest amount of cell wall polymer associated. On the other hand, the sugar content of the soluble nonassembled S-layer protein was generally very low (1 to 2%). For example, S-layer self-assembly products analyzed at a DA of 20% had a sugar content of 10%, while the sugar content of the nonassembled S-layer protein was only 1%. From the amount of cell wall polymer associated with the S-layer self-assembly products and the recrystallization experiments, we propose that the secondary cell wall polymer could play an important role for the correct folding of the S-layer subunits and for initiating the in vitro self-assembly process. According to this hypothesis, the soluble S-layer protein showing a low sugar content could recrystallize into monolayers if appropriate surfaces such as poly-L-lysine-coated EM grids or LangmuirBlodgett lipid films were available. In a previous study it was demonstrated that oligomeric precursors formed at the beginning of the in vitro self-assembly process represent the nucleation sites for S-layer lattice growth and for the formation of S-layer self-assembly products (8) . This would explain why after initiation of the in vitro self-assembly, low concentrations of the secondary cell wall polymer in the fraction of the soluble S-layer protein were not disadvantageous for further S-layer lattice growth. The ability of the recombinant SbsB to assemble in the cytoplasm of Escherichia coli (10) confirmed that the secondary cell wall polymer is not necessary for the in vitro self-assembly of the GHCl-extracted S-layer subunits.
Cell wall fragments used in the present study had an S-layer protein content of 50%, which corresponds to complete outer and inner S-layers (21, 29) . From the presence of an inner S-layer it can be concluded that an S-layer protein pool sufficient for the complete coverage of the cell surface was accu-mulated in the meshwork of the rigid cell wall layer of whole cells grown in continuous culture under steady-state conditions (2) . In this context, the question of the role of the secondary cell wall polymer for the formation and maintenance of the S-layer protein pool has to be asked. On the one hand, the cell wall polymer is able to interact with the N-terminal part of the S-layer protein and can keep the subunits stored within the peptidoglycan-containing layer. On the other hand, both the polymer chains as well as the peptidoglycan strands could function as spacers, thereby preventing the assembly of the S-layer subunits into macromolecular arrays during their export to the cell surface (2, 21) . As derived from chemical analyses, the cell wall fragments consisted of 50% S-layer protein, 40% peptidoglycan, and 10% cell wall polymer. Since the estimated molecular weight of the cell wall polymer is 24,000 and that of the S-layer subunits is 97,000, on average 1.3 polymer chains or about 150 monosaccharide residues were available per S-layer subunit.
From our studies with B. stearothermophilus PV72/p2 it can be concluded that the N-terminal part of the S-layer protein recognizes a secondary cell wall polymer incorporated into the peptidoglycan. According to the proposed affinity between the secondary cell wall polymer and the N-terminal part of the S-layer protein, the S-layer subunits from B. stearothermophilus PV72/p2 did not bind and recrystallize on pure peptidoglycan and on peptidoglycan-containing sacculi from the wild-type strain which had an identical peptidoglycan chemotype but a different composition of the secondary cell wall polymer (25) . Studies concerning the determination of the specific polymer binding site on the S-layer protein are in progress.
